Purpose To determine the effect of PepT1 on the absorption and disposition of cefadroxil, including the potential for saturable intestinal uptake, after escalating oral doses of drug. Methods The absorption and disposition kinetics of [ 3 H]cefadroxil were determined in wild-type and PepT1 knockout mice after 44.5, 89.1, 178, and 356 nmol/g oral doses of drug. The pharmacokinetics of [ 3 H]cefadroxil were also determined in both genotypes after 44.5 nmol/g intravenous bolus doses. Results PepT1 deletion reduced the area under the plasma concentration-time profile (AUC 0-120 ) of cefadroxil by 10-fold, the maximum plasma concentration (C max ) by 17.5-fold, and increased the time to reach a maximum plasma concentration (T max ) by 3-fold. There was no evidence of nonlinear intestinal absorption since AUC 0-120 and C max values changed in a doseproportional manner. Moreover, the pharmacokinetics of cefadroxil were not different between genotypes after intravenous bolus doses, indicating that PepT1 did not affect drug disposition. Finally, no differences were observed in the peripheral tissue distribution of cefadroxil (i.e., outside gastrointestinal tract) once these tissues were corrected for differences in perfusing blood concentrations. Conclusions The findings demonstrate convincingly the critical role of intestinal PepT1 in both the rate and extent of oral administration for cefadroxil and potentially other aminocephalosporin drugs.
INTRODUCTION
At present, the proton-coupled oligopeptide transporter family is comprised of four mammalian members, namely PepT1 (SLC15A1), PepT2 (SLC15A2), PhT1 (SLC15A4) and PhT2 (SLC15A3). All of these membrane proteins transport di-and tri-peptides across biological membranes in the body using an electrochemical proton gradient (1) (2) (3) . Whereas PepT1 and PepT2 can transport di-and tri-peptides, PhT1 and PhT2 can also transport the amino acid L-histidine (4, 5) . Moreover, peptide transporters can deliver pharmacologically active (peptide-like) compounds such as the antiviral drug valacyclovir, the angiotensin-converting enzyme inhibitor captopril, the anticancer agent bestatin, and the β-lactam antibiotic cefadroxil (6) (7) (8) .
Cefadroxil is a broad-spectrum, first generation, aminocephalosporin used to treat skin, upper respiratory, and urinary tract infections caused by both gram-positive and gram-negative bacteria (9) . This antibiotic is almost completely absorbed from the gastrointestinal tract, is not metabolized, and is excreted in the urine unchanged by renal glomerular filtration, active tubular secretion, and active tubular reabsorption (10, 11) . Having low lipid solubility, and being completely ionized in the gastrointestinal tract, the absorption of cefadroxil (and other aminocephalosporin antibiotics) was considered to occur by some "specialized" transport mechanism (12) . With the advent of molecular cloning, we now realize that the intestinal absorption of cefadroxil is a coordinated process in which cellular uptake from the lumen occurs via PepT1 and cellular efflux into the blood occurs, in part, via the ATP-binding cassette (ABC) transporters Mrp3 (Abcc3) and Mrp4 (Abcc4) (13) .
Cefadroxil is a substrate for several transporters that are expressed in polarized epithelia of the intestines, kidneys and brain. For example, PepT1 is located at the apical membrane of small intestinal and renal epithelia (14) , PepT2 is located at the apical membrane of renal and brain choroid plexus epithelia (14, 15) , MRP3 is located at the basolateral membrane of enterocytes (16) , MRP4 is located preferentially at the basolateral membrane of enterocytes (17) and at the apical membrane of renal proximal tubule cells (18) , and the organic anion transporters OAT1-3 (SLC22A6-8) are located at the basolateral membrane of renal epithelia (19) . Given the multitude of transporter proteins that can translocate cefadroxil across important biological membranes for drug absorption (i.e., small intestine), distribution (i.e., kidney and brain) and elimination (i.e., kidney), it is possible that this β-lactam antibiotic may display nonlinear pharmacokinetics, especially in the small intestine where high concentrations of drug after oral dosing may saturate the efficient absorption of cefadroxil by luminally-expressed PepT1.
Studies in rat and human have suggested that cefadroxil exhibits nonlinear intestinal absorption kinetics. In one study (20) , in situ perfusions of rat proximal jejunum over a 1,000-fold range of initial concentrations (≈ 0.03-30 mM) showed a nonlinear transport of cefadroxil that was characterized by a Michaelis constant (Km) of 6.5-7.0 mM. In another study (21) , a dose-dependent reduction in the absorption rate constant (Ka) was observed in healthy male volunteers as the oral dose increased from 5 mg/kg to 30 mg/kg. However, an analysis of these results (and others) is complicated by possible dose-dependent changes in cefadroxil disposition because of saturation of active renal tubular secretion and reabsorption mechanisms (22) .
To better understand the impact of intestinal PepT1 on the absorption mechanism of cefadroxil, we recently reported on the in situ intestinal permeability of this antibiotic in wild-type and PepT1 knockout mice (23) . However, only a preliminary analysis was performed on the in vivo absorption and disposition of cefadroxil in which a small number of animals were studied (n=3) after a single 44.5 nmol/g oral dose. Moreover, the tissue distribution of cefadroxil was not examined so the impact of PepT1 on systemic tissue pharmacokinetics is not known. As a result, the primary objective of this study was to determine the oral absorption properties of cefadroxil, including the potential for saturable PepT1-mediated intestinal uptake, after escalating oral doses of drug. The secondary objective was to characterize the role of PepT1 on cefadroxil tissue distribution. 
MATERIALS AND METHODS

Chemicals
Animals
All experiments were performed in 6-8 week old gendermatched wild-type (PepT1 +/+ ) and PepT1 knockout (PepT1 −/− ) mice (24) . The mice were maintained in a temperaturecontrolled room with 12-h light and dark cycles, and were fed a standard diet with access to water ad libitum. All of the procedures were approved by the University of Michigan Committee on Use and Care of Animals (UCUCA), and were carried out in accordance with the Guide for Use of Laboratory Animals as adopted and promulgated by the US National Institutes of Health (NIH publication No. 85-23, revised in 1985).
Oral Administration of Cefadroxil
Wild-type and PepT1 knockout mice were fasted overnight (about 14 h) before the start of each experiment. Cefadroxil was dissolved in 200-250 μL of water and administered to the mice by oral gavage using a 20 G needle. Oral doses in mice (44.5, 89.1, 178 and 356 nmol/g) were scaled from relevant human doses using a surface area adjustment (25) . A 0.5 μCi/ g aliquot of [ 3 H]cefadroxil was administered along with the oral doses of unlabeled drug. Plasma was harvested from blood samples (15-20 μL) , collected by tail nicks, at 5, 10, 15, 20, 30, 45, 60, 90 and 120 min after dosing. Blood was collected in a PCR tube containing 1 μl of 7.5% EDTA and centrifuged at 3,000 g, room temperature, for 3 min. A 5-μL portion of plasma was then placed in a scintillation vial containing 6 mL of CytoScint scintillation fluid (MP Biomedicals, Solon, OH), and radioactivity was measured by a dualchannel liquid scintillation counter (Beckman LS 6000 SC; Beckman Coulter Inc., Fullerton, CA). Mice had free access to water during the whole experiment.
Systemic Administration of Cefadroxil
Wild-type and PepT1 knockout mice were given a 44.5 nmol/ g dose of unlabeled cefadroxil (dissolved in saline solution), administered by tail vein injection, using a 27 G needle. A 0.5 μCi/g aliquot of [ 3 H]cefadroxil was administered along with the intravenous dose of unlabeled drug. Blood samples (15-20 μL) were collected at 0.5, 2, 5, 15, 30, 45, 60, 90 and 120 min after intravenous dosing, via tail nicks, and the plasma harvested. A 5 μL aliquot of plasma was added to 6 mL of scintillation fluid and the sample measured for radioactivity, as described before. Mice had free access to water during the duration of experimentation.
Tissue Distribution after Oral Administration of Cefadroxil
Wild-type and PepT1 knockout mice were fasted overnight (about 14 h) and then given 178 nmol/g cefadroxil (dissolved in water), along with 0.5 μCi/g [ ]dextran 70,000 was injected via the tail vein and, after another 5 min (i.e., 20 min post-dose), the animal was euthanized. Whole blood and selected tissues were collected and incubated overnight at 37°C with 330 μL of 1 M hyamine hydroxide. A 40-μL volume of 30% hydrogen peroxide was added, followed by 6 mL of scintillation fluid, and the sample measured for radioactivity, as described before.
Data Analysis
The plasma concentration-time profiles of oral and intravenous cefadroxil were analyzed in both genotypes by noncompartmental analysis using Phoenix WinNonlin v5.3 (Pharsight, Sunnyvale, CA). Pharmacokinetic parameters included the area under the plasma concentration-time curve from time zero to 120 min (AUC 0-120 ), partial cumulative AUC from time zero to t min (AUC 0-t ), maximum plasma concentration (C max ) and time to reach the maximum plasma concentration (T max ) after oral dosing. After intravenous bolus dosing, the pharmacokinetic parameters included AUC 0-120 , total clearance (CL), mean residence time from zero to time infinity (MTR 0-inf ), terminal half-life (T 1/2 ) and volume of distribution steady-state (Vd ss ).
Tissue concentrations of cefadroxil were calculated as: C tiss,corr =C tiss −DS • C b where C tiss,corr is the corrected concentration of cefadroxil in each tissue (nmol/g of wet tissue), DS is the blood vascular volume in the tissue (mL/g) calculated using [ 14 C]dextran, and C b is the concentration of cefadroxil in blood (nmol/mL).
Statistical Analysis
Data are reported as mean ± SE. A two-sample t-test was used to examine whether or not statistically significant differences occurred between wild-type and PepT1 knockout mice. An analysis of variance was used to test for statistical differences between multiple treatment groups, followed by either a Dunnett's test for pairwise comparisons with the control group or a Tukey test for multiple comparisons. Quality of fit for the linear models was judged by standard error of parameter estimates, by visual inspection of residual plots, and by coefficient of determination (r 2 ). All statistical analyses were performed with Prism v5.0 (GraphPad, La Jolla, CA). A p value≤0.05 was considered statistically significant.
RESULTS
Oral Administration of Cefadroxil
As observed in Fig. 1a-d , the plasma concentration-time profiles of oral cefadroxil were markedly different between wildtype and PepT1 mice. In wild-type mice, the plasma concentrations increased rapidly after oral administration, had a time of maximum concentration (T max ) of about 20 min, and then decreased rapidly with time. In contrast, the plasma concentrations in PepT1 knockout mice increased very slowly over time and plateaued at about 60 min. Moreover, the plasma concentration-time curves (AUC 0-120 ) and maximum plasma concentrations (C max ) of cefadroxil were substantially lower in PepT1 knockout mice as compared to wild-type animals. As shown in Table I , the AUC 0-120 and C max values were about 90% and 95% lower, respectively, in PepT1 knockout mice and the T max 2− to 5-fold higher. These findings suggest that the rate and extent for oral absorption of cefadroxil are highly dependent upon the expression of intestinal PepT1.
To better characterize the differences in cefadroxil absorption rate between wild-type and PepT1 knockout mice, we performed an analysis of partial cumulative AUC versus time after the four escalating oral doses of drug ( Fig. 2a-d) . As shown in these panels, the initial slopes (i.e., from 10 min to 30 min) in wild-type mice were much steeper than that observed in PepT1 knockout mice. This difference was further highlighted in Table II where the initial slopes in wild-type mice were 19− to 31-fold greater than in PepT1 knockout animals.
To test for the potential saturation of PepT1-mediated uptake, AUC 0-120 versus dose and C max versus dose relationships were evaluated for orally administered cefadroxil. Figure 3a , b shows that, regardless of genotype, all four slopes were linear and intercepted the origin. Moreover, the dose-corrected AUC 0-120 and C max relationships had slopes that were horizontal when correlated with dose, and were not different than zero (Fig. 3c, d ). Thus, it appears that the intestinal absorption and systemic exposure of cefadroxil are linear after oral administration over the 44.5-356 nmol/g dose range.
Systemic Administration of Cefadroxil
As shown in Fig. 4 , wild-type and PepT1 knockout mice had very similar plasma concentration-time profiles following an intravenous bolus injection of 44.5 nmol/g cefadroxil. In fact, the pharmacokinetics of cefadroxil were not significantly different between genotypes (Table III) , and deviated by less than 8% for clearance, mean residence time and volume of distribution steady-state. This finding indicates that once cefadroxil appears in the systemic circulation, its disposition is not affected by the expression of PepT1 in peripheral tissues. More importantly, any changes in the pharmacokinetic profile of oral cefadroxil during PepT1 ablation must be due to changes in intestinal absorption rather than systemic clearance.
Tissue Distribution of Oral Cefadroxil
A tissue distribution study of cefadroxil was performed 20 min after oral dosing since this time best represented the T max of drug in wild-type mice. As shown in Fig. 5a , there were significant differences between genotypes in the eye, heart, lung, liver, spleen, kidney, muscle and blood. However, when these same tissues were corrected for differences in blood concentration, which was 12-fold higher in wild-type mice as compared to PepT1 knockout animals, the tissue-to-blood ratios were not different for all seven tissues (Fig. 5b) . The regional distribution of cefadroxil was also examined along the gastrointestinal tract after oral dosing and, as demonstrated in Fig. 5c , the largest concentrations of drug were observed in the duodenum with lower levels in the stomach and jejunum, and very low levels in the ileum and colon when sampled 20 min after dosing. In this analysis, differences between the two genotypes were only observed for the duodenum in which cefadroxil concentrations were, on average, about 4.5-fold higher in wild-type mice.
DISCUSSION
This study presents new findings on the in vivo intestinal absorption, disposition and tissue distribution of cefadroxil in wild-type and PepT1 knockout mice after escalating oral doses. We report for the first time that: 1) PepT1 deletion reduced the systemic exposure of cefadroxil by 90% after oral administration of drug; 2) the C max of cefadroxil was reduced by 15− to 20-fold in PepT1 knockout mice; 3) there was "apparent" dose linearity in the AUC and C max of cefadroxil for both genotypes over the 44.5-356 nmol/g oral dose range; 4) the systemic disposition of intravenously administered cefadroxil was unchanged by PepT1 ablation; and 6) PepT1 had no effect on the peripheral tissue distribution of cefadroxil after oral dosing once adjusted for differences in the blood concentrations of drug perfusing these tissues; in contrast, there was a difference in duodenal concentrations of cefadroxil between the two genotypes 20 min after dosing. The in vivo reduction (by 90%) in systemic exposure of cefadroxil after oral dosing in PepT1 knockout mice was in excellent agreement with previous results from our laboratory during in situ intestinal perfusions of cefadroxil in mice (23) . This finding was not that surprising because of the abundant expression of PepT1 protein in the duodenal, jejunal and ileal, but not colonic, segments of the intestines (26) . The linear oral absorption profile of cefadroxil demonstrated a lack of intestinal PepT1 saturation that was also consistent with a dose escalation study of glycylsarcosine in wild-type and PepT1 knockout mice (27) . It should be appreciated that the oral doses of cefadroxil administered to mice (i.e., 44.5 to 356 nmol/g) were representative of the doses used clinically in 70 kg patients (i.e., 0.125 to 1.0 g) and resulted in peak plasma concentrations of 37 to 300 μM in wild-type animals, values also observed in humans (10, 21, 28) . Given a stomach fluid volume of 0.4 mL (29), a 20 g mouse would have small intestinal concentrations approximating 18 mM, values in excess of cefadroxil's Km of 2-4 mM as determined by in situ jejunal perfusions in wild-type mice (23) . Thus, the doseproportionality observed for cefadroxil was an unexpected finding. Although it is possible that the small intestine's residual length and residence times might compensate for reduced absorption at higher doses, this scenario is unlikely since a more distal absorption of cefadroxil should be accompanied by longer T max values. Alternatively, if the Km value of cefadroxil in vivo was larger than the value estimated by in situ perfusions, then dose-linearity could be preserved at the doses tested in this study.
The short T max of cefadroxil in wild-type mice (i.e., 20 min) suggested that the absorption of this drug was quite fast and occurred mostly in the upper portion of the intestinal tract. This belief was supported by the tissue distribution studies (Fig. 5c ) in which the concentration of cefadroxil in duodenum was several-fold higher than that of other tissues. On the other hand, the shallow accumulation of cefadroxil in plasma and uniform drug concentrations over 1-2 h after oral dosing in PepT1 knockout mice suggested that drug was being absorbed slowly throughout the entire length of the small intestine. This phenomenon was also observed following 25 nmol/g oral doses of the antiviral prodrug valacyclovir in wild-type and PepT1 knockout mice, in which T max values of 25 and 70 min, respectively, were reported (30) . There were no differences in small intestinal transit between genotypes, as shown before using a charcoal meal (31) and, therefore, this potential confounding factor could be ruled out.
The absorption and disposition of cefadroxil are complex in that capacity-limited kinetics has been reported in the literature following both oral and intravenous administrations of drug in which transporters were involved in its intestinal uptake, renal tubular secretion and renal tubular reabsorption. For example, studies have reported nonlinear intestinal absorption kinetics of cefadroxil following in situ jejunal perfusions in rat (20) , a reduced absorption rate constant following increasing oral doses of cefadroxil in human (21), a saturable active tubular secretion of cefadroxil in human resulting in non-proportional increases in AUC following increasing oral doses of drug (28) , and a saturable active tubular reabsorption of cefadroxil in human (21) and rat (32) resulting in non-proportional decreases in AUC in the latter study following both oral and intravenous doses of drug. In contrast, other studies have reported dose-proportional increases in the AUC and C max of cefadroxil in human during 250-1,500 mg (33) and 250-1,000 mg (34) oral doses of drug. These studies illustrate the conflicting results observed in cefadroxil pharmacokinetics and may reflect the varying extent to which saturation in intestinal absorption, renal tubular secretion and/or renal tubular reabsorption processes can change the directionality of drug exposure. Thus, as reported before in wild-type and PepT2 null mice (22) , the concentrationdependent saturation of renal tubular secretion by OATs and renal tubular reabsorption by PepT2 can affect the systemic exposure of cefadroxil in opposite directions.
In the present study, we observed dose-proportional increases in the AUC 0-120 and C max of cefadroxil in mice at oral doses (i.e., 44.5 to 356 nmol/g) that resulted in plasma concentrations of antibiotic that were clinically relevant in There are no significant differences between genotypes in the pharmacokinetic parameters of cefadroxil after intravenous bolus doses of drug human. Based on this observation, we concluded that the intestinal absorption of cefadroxil by PepT1 was not capacity-limited (or nonlinear). Because AUC/Dose=F/CL, it is also possible that changes in bioavailability (F) and systemic clearance (CL), of the same magnitude and direction, can result in no change in the dose-normalized value of AUC. This scenario is unlikely, though, since changes in clearance would also affect the T max of cefadroxil in wild-type mice, which was not observed.
No change was observed between wild-type and PepT1 knockout mice in the peripheral tissue distribution of cefadroxil once normalized for the different blood concentrations of drug perfusing that tissue (Fig. 5b) . Thus, once cefadroxil was absorbed into the systemic circulation, PepT1 expression outside the intestines had no significant effect on the extent of drug distribution in the body. This finding was supported by our results following the intravenous administration of cefadroxil in which drug disposition was virtually identical between genotypes (Fig. 4) . Moreover, the results corroborated our previous oral and intravenous dosing studies with 10 nmol/g glycylsarcosine in wild-type and PepT1 knockout mice (27) . Since renally expressed PepT1 only accounted for 5% and 14% of the tubular reabsorption of cefadroxil (22) and glycylsarcosine (35) in mice, respectively, its absence would not be expected to markedly change the systemic pharmacokinetics of either substrate. In contrast, there were significant differences between wild-type and PepT1 knockout mice in the concentrations of GlySar in ileum and colon (27) , a difference not observed with cefadroxil in the current study. We believe the disparity between studies might reflect differences in sampling times in which tissues were obtained at 1 h for GlySar and at 20 min for cefadroxil, the latter being a time in which drug would be confined to the upper gastrointestinal tract (31) .
CONCLUSIONS
In conclusion, the results from these studies are unique in characterizing, for the first time, the in vivo pharmacokinetics of a therapeutically relevant PepT1 substrate, the β-lactam antibiotic cefadroxil, in wild-type and PepT1 knockout mice after oral dose escalation. In particular, we demonstrate the high-capacity nonsaturable properties of intestinal PepT1 as judged by the dose proportional increase in systemic exposure of cefadroxil with increasing oral doses of 44.5 to 356 nmol/g. Moreover, the AUC 0-120 and C max values are substantially reduced, by about 10-fold and 17.5-fold, respectively, in PepT1 knockout mice as compared to wild-type animals, and the T max increased by 3-fold. The findings demonstrate convincingly the critical role of intestinal PepT1 in both the rate and extent of oral absorption for this aminocephalosporin drug and potentially others in its class.
